Abstract. A method to discover and correct errors in mass spectral libraries is described. Comparing across a set of highly curated reference libraries compounds that have the same chemical structure quickly identifies entries that are outliers. In cases where three or more entries for the same compound are compared, the outlier as determined by visual inspection was almost always found to contain the error. These errors were either in the spectrum itself or in the chemical descriptors that accompanied it. The method is demonstrated on finding errors in compounds of forensic interest in the NIST/EPA/NIH Mass Spectral Library. The target list of compounds checked was the Scientific Working Group for the Analysis of Seized Drugs (SWGDRUG) mass spectral library. Some examples of errors found are described. A checklist of errors that curators should look for when performing inter-library comparisons is provided.
Introduction

S
tandard reference libraries are widely used in mass spectrometry for the identification of unknown compounds [1] . It is a central task of the library curator to ensure that each entry is accurate [2] . Accuracy rests not only on having a high quality, representative mass spectra but also on having correct and selfconsistent chemical identifiers for each library entry [3] [4] [5] [6] . A critical means of ensuring entry reliability is to find agreement between two spectra of the same compound measured by two laboratories using different chemical sources [7, 8] . A useful way to expand this concept is through comparison of entries of the same compound among multiple libraries to identify anomalies and resolve any significant differences. An anomaly is defined as an entry whose mass spectrum departs from the consensus. It has long been known in analytical chemistry that with three or more entries, consensus building becomes a powerful tool to discover outliers. Through inter-library comparison, the quality assurance methods used in creating the individual reference libraries are implicitly applied in finding anomalies within other libraries. In addition to correcting spectrum anomalies, chemical identification errors must also be identified. This can be done by interlibrary comparison as well as through the use of independent chemical identification resources. Both approaches are used in this work to ensure chemical identification accuracy. Ultimately, a well-crafted library relies both on good quality mass spectra and on complete and correct compound identification information.
The goal of this work was to use entries in other libraries to improve the quality of the entries in the NIST/EPA/NIH Mass Spectral Library (NIST Standard Reference Database 1A) that pertain to the identification of a specific class of compounds, seized drugs of forensics interest, but the approach could be applied to the library in its entirety. To accomplish this, a comprehensive target list of seized drugs was checked in an automated fashion against the NIST14 library and several other prominent, curated electronionization mass spectral libraries. The target list itself was the mass spectral library maintained by the Scientific Working Group for the Analysis of Seized Drugs (SWGDRUG) [9] . The SWGDRUG library is compiled by the US Drug Enforcement Administration in cooperation with other widely recognized forensics laboratories. It was employed because it is an up-to-date, freely available seized drug library used by many forensic laboratories across the country.
Methods
The initial step was to find for each compound in the target list all spectra in all libraries. This was done by generating and then matching InChIKeys [10] and associated spectra in all libraries. In concept, this is similar to what Oberacher and coworkers have done in comparing two tandem mass spectral libraries [11] . Calculation of the InChIKey was based on the compound structure provided by each library. Compounds having the same InChIKey were grouped and inter-compared for all entries across all libraries. Of course, an incorrect structure would lead to an InChIKey that does not represent the actual compound measured. Such errors were typically discovered in the mass spectrum comparison step where they tended to yield low match factors, say below 650. Additionally, it should be noted that the InChIKeys used here did not contain stereoisomer information because most libraries used did not provide this information. For example, the InChIKeys of stereoisomers cocaine, allococaine, pseudoallococaine, and allopseudococaine are identical. Mitigating this effect is the fact that stereoisomers typically have indistinguishable electron ionization mass spectra, so they are effectively treated as measurement replicates for the purposes of this study.
The NIST Mass Spectral Search Program (ver. 2.2) [12] [13] [14] [15] was used in an automated batch mode for making spectrum comparisons. The program uses a modified vector dot product to calculate a match factor that scales from zero (no match) to 999 (identical spectra). All libraries used were available in the NIST data format, simplifying the task of comparison. An inventory of all libraries involved is shown in Table 1 . In cases where three or more entries were available, a consensus determination could be made and the NIST spectrum was classified as consistent or inconsistent depending on its match scores. In cases where only one instance of a compound was available (i.e., the entry only existed in the SWGDRUG library), or when only two entries were available, no consensus determination was possible. Inconsistent spectra were flagged for further scrutiny using NIST's MS Interpreter program (ver. 2.0). MS Interpreter uses estimates of bond dissociation energies and well-understood reaction paths to assign the major peaks in a mass spectrum. Note that although spectra can be found to be consistent with the various heuristic fragmentation rules, spectra cannot, at present, be predicted to a useful level of accuracy.
Chemical information curation relied on mutual intercomparison of the identification data for each target compound Table 2 were used. Chemical structure drawing software was also used, in some cases, to check for correct chemical formulas and molecular masses.
Results Figure 1 shows a histogram of the resulting scores when each element in the target list is compared with all the other libraries (with the exception of the SWGDRUG library, which is itself the target list). Several salient observations can be made. The • Reaction, chemical ionization, or unexpected decomposition of the sample in the inlet system or ion source • Inadequate instrument resolution or poor peak shape (missing peaks are often small peaks adjacent to much larger peaks) • Low signal-to-noise ratio and/or instrument noise threshold set too high (the latter sometimes detectable as distorted isotope ratios) Spurious peaks and/or incorrect peak intensities
• Impurity in the measured compound, especially when a separation method is not used before ionization or when co-elution of compounds occurs • Reaction, chemical ionization, or unexpected decomposition of the sample in the inlet system or ion source • Peak splitting due to incorrect determination of peak position (often the result of poor peak shape) • Noise (often the result of electronics or instrument environment problems) • Lack of, or errors in, correction for background (often air, water, or chromatographic column bleed which can be reduced by proper instrument care and the use of peak deconvolution software) • Detector saturation Incorrect mass assignments
• Incorrect mass calibration of instrument (often the result of infrequent calibration or large room temperature variations) • Arbitrary assignment of multiply charged ions not occurring at an integer mass to an adjacent integer mass histogram has a peak at a match factor of approximately 925. This arises from the fact that good quality spectra from curated libraries show excellent reproducibility leading to high interlibrary match factors. The histogram also has a peak at very high match factors. This arises from SWGDRUG entries also appearing in other libraries. Ideally these entries should all have match factors of 999 but subtle differences in how mass and intensity data are treated by various curation schemes slightly lower the match factors, giving values from 975 to 999. Redundant entries were never used to determine outlier status of any library entry since redundant entries add no new information. As points of reference, it can be observed from the cumulative (running) sum shown in Figure 1 that about 92% of the spectrum pairs have match factors above 750, and about 87% of the spectrum pairs have match factors above 800, two touch points in determining spectral match quality. Finally, the low match factor tail contains the outliers whose presence was determined by visual inspection of spectra. These may be due to either poor quality mass spectra or due to improper chemical structures recorded in the library. Investigation of each individual case is necessary to determine which error has occurred, although in a few cases a determination could not be made.
Of the 2283 target list spectra examined, 605 were not in the NIST14 library and another 89 had only one additional About 1% of the compounds in the target list required further examination. Each proved to have unique anomalous behavior, often with multiple errors; nevertheless, the types of errors that were found can be generalized according to categories, which could serve as a useful checklist for library quality control and curation as shown in Table 3 . The first level divides errors into three broad categories: those with the library spectrum, those arising from identity information, and those having to do with curation or record keeping issues. For each broad category of error, typical characteristics, symptoms, or examples are given.
What follows is an example of an anomalous entry where the NIST spectrum was outside the consensus. Figure 2 shows four different library entries for phentermine, a prescription-only appetite suppressant, which has been derivatized with heptafluorobutyric anhydride to aid in gas chromatography separation. The NIST14 entry in the lower left of the figure stands out as being different from the other three. The upper right corner of Figure 2 shows the match factor similarity matrix for the four spectra. This is a diagonally symmetric matrix of the mutual match factors for the four spectra. Note that a match factor of 999 lies along the matrix diagonal since each spectrum matches itself perfectly. In the lower right corner of Figure 2 , the similarity matrix has been converted by multi-dimensional scaling (MDS) [16, 17] into a two-dimensional spatial representation of the similarities between spectra. By visual inspection, the NIST14 spectrum was determined to be an outlier. Closer examination of the NIST library spectrum provides two obvious indications leading to its anomaly status: it contains peaks at m/z 159 and m/z 44 not found in the others, and it is missing a peak at m/z 59 common to the others. These anomalies can be traced to the original published spectrum [18] . The spectrum of heptafluorobutyric anhydride-derivatized phentermine will need to be remeasured to be included in future releases of the NIST library.
Regarding errors concerning chemical identification, it was found that the NIST library had 14 entries with incorrect structures and two entries with incorrect compound names. The misidentification of positional isomers was often the source of chemical structure errors. For example, in Figure 3 the structure of the cannabinoid JWH-369 is shown. The left structure in the figure is correct, the right structure is as it appeared in the NIST14 library (to be corrected in the NIST17 library) showing a positional isomer of JWH-369. The correct structure is a common cannabinoid type with the pendant groups at the 2 and 4 positions of the pyrrole ring. The erroneous structure has the groups pendant at the 2 and 5 positions. References to such 2,5-structures have been patented [19] but were apparently never commercialized. They were not found in any seized-drug database consulted.
A common observation in this work was that chemists and nonchemists alike struggle with proper unambiguous naming of seized drug compounds. A correct IUPAC name for JWH-369 is [5-(2-chlorophenyl)-1-pentyl-1H-pyrrol-3-yl](naphthalene-1-yl)methanone, but it may be referred to as 1-pentyl-2-(2-chlorophenyl)-4-(1-naphthoyl) pyrrole [20] . A well-curated library would have each of these names linked to a structure and associated mass spectrum as synonyms. A synonym field allows for multiple names for the same compounds but just as importantly allows for the same common name to point toward multiple structures. This helps the analyst tease out naming issues but is very labor-intensive for the curator. Of course, identifying all entries primarily by the InChIKey virtually removes any name ambiguity issues. In this case, the name JW-369 was selected as the principal name for this compound since it is familiar to analysts most involved in its analysis. For other users, the chemical structure and alternate names will provide needed structural information.
Conclusion
A multi-library comparison method was used to find spectrum anomalies and chemical identity errors in a target list of chemical compounds of forensic interest. Multi-library inter-comparison reaches beyond the traditional pairwise comparison often used in library quality assurance. Anomalous spectra could be traced typically to missing or spurious peaks. Compound identity information errors were most often traced either to incorrect structures or ambiguous naming conventions. A checklist of common errors has been provided for MS library curators.
